The respective contribution of fat-free mass (FFM) and fat mass to body weight (Wgt) is a relevant indicator of risk for major public health issues. In an earlier study, a Bayesian Network (BN) was designed to predict FFM from a DXA database 3.32 kg for men and women, respectively) and BN predictions (61.6 6 3.11 and 42.4 6 2.76 kg for men and women, respectively) was ,1% when FFM was assessed by DXA; the difference rose to 3.6% when FFM was assessed by bioelectric impedance analysis or by densitometry methods. These results suggest that it is possible, within certain anthropometric limitations, to use BN predictions as a complementary body composition analysis for large populations.
Introduction
BMI is a strong indicator of overall mortality (1) . BMI is often assumed to represent the amount of body fat. However, this relationship varies with sex, age, and ethnicity (2-7). The respective contribution of fat-free mass (FFM) 7 and fat mass (FM) to body weight (Wgt) could provide an additional relevant indicator of risk for major public health issues (8) (9) (10) . Models providing reliable assessments of body composition from simple variables are needed to promote a better understanding of risk factors during lifespan. Robust linear models that include simple variables such as gender, age, body Wgt, height (Hgt), and ethnicity have been proposed (5, (11) (12) (13) . Adding variables such as thigh or arm girths improves model accuracy in the adjusted population (14) but limits the possible applications of the model to other populations. Alternatively, the ability to combine variables and the increasing capabilities of computer calculations have made Bayesian Network (BN) models increasingly popular in many fields as tools for quantitative risk assessment (15, 16) . Assuming a direct influence of sex, age, Wgt, and Hgt on body composition (2-4,17), we recently developed a nonparametric model based on BN to predict FFM when covariables (sex, age, Hgt, Wgt) were known for each individual (18) . The NHANES DXA database (1999) (2000) (2001) (2002) (2003) (2004) ) was used as a reference database. Accurate FFM predictions were obtained for an independent French population (R 2 = 0.94; P , 0.001; standard error of prediction = 2.84 kg) (18) . The present work is a stochastic generalization of these former predictions. The primary objective of the present paper was to assess the robustness of the BN predictions in different populations' contexts (age, BMI, ethnicity, etc.) and to define the domain of the model's application. A description of body composition in different populations' contexts can easily be found in the 1 Supported by a grant from the INRA Nutrition Department, France. 2 Author disclosures: L. Mioche, A. Brigand, C. Bidot, and J-B. Denis, no conflicts of interest. 3 Supplemental mathematical description is available from the "Online Supporting Material" link in the online posting of the article and from the same link in the online table of contents at jn.nutrition.org. * To whom correspondence should be addressed. E-mail: laurence.mioche@ clermont.inra.fr.
literature. A selection of 16 studies providing 82 FFM distributions for a total number of 33,888 individuals was analyzed (3, 4, 13, (19) (20) (21) (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . Covariables were available as their mean 6 SD without the possibility of retrieving individual data. Differences between studies originated from BN covariables, such as BMI and age. These differences could also originate from ethnicities or methods of body composition measurement, which were not included as covariables in BN. Bayesian models provide information from global joint distributions over a set of variables, including variability and uncertainty sources (32, 33) , and we assumed that the models could predict FFM after the stochastic generation of covariables. This point required developing an extension of the BN previously developed to predict FFM from a set of known covariables. The second objective of this paper was to validate stochastic adjustments of the covariables. An additional outcome of this paper was an original comparison of various body composition studies after covariable adjustment that highlighted the respective influence of nonadjusted variables (ethnicity and method for FFM assessment).
Methods
General outline of the approach We were interested in predicting the mean 6 SD of FFM for different populations of a given gender and characterized by summary statistics of age, Hgt, and Wgt. First, a virtual population of individuals was generated so that their covariable statistics were similar to those of the population that we intended to predict. Individual FFM predictions were calculated on the simulated individuals from which the mean and SD were computed. Discrepancies between predicted and published FFM distributions were then compared using the Hellinger distance (HD). Implementation of the existing BN was described. The general description of the BN is presented in Figure 1 and variables were sequentially generated following the arrow's direction.
Descriptions of compared studies
For the present purpose, studies were compared by dataset (Ds), which comprised: 1) covariable distributions (age, Wgt, Hgt) for a specified gender; 2) ethnicity description; and 3) method description for FFM assessment.
FFM values were experimentally assessed with various methods of body composition assessment. When 3 body compartments were described in DXA studies [FM, lean mass (LM), and bone mineral content (BMC)], FFM distribution was adjusted as follows: meanðFFMÞ ¼ meanðLMÞ þ meanðBMCÞ A correlation of 0.81 (n = 10,402; P , 0.0001) was found between LM and BMC for NHANES participants (results not shown), and this coefficient was applied in the following equation to get the corresponding SD:
From original publications, ethnic classification was simplified as follows: Asian referred to Asian participants irrespective of their country of origin; white referred to white non-Hispanic participants (U.S. studies), Caucasians, and participants from European studies when no other ethnicity was specified; and black referred to African Americans in the U.S. studies. FFM was assessed by DXA (3, 4, 21, 22, (24) (25) (26) (27) (28) (29) (30) (31) (32) (33) , the 4-C model (22, 33) , bioelectric impedance analysis (BIA) (21, 23) , and underwater weighing (densitometry) (3, 13) . Finally, from 16 studies, 82 Ds were identified for comparison with BN predictions. The word "adjustment" was used when mimicking covariables and "prediction" was used only for FFM predictions. Once adjusted to the published covariables (sex, age, Hgt, and Wgt), BN predictions revealed the influence of nonadjusted variables (ethnicity and method for FFM assessment). To avoid confounding effects between nonadjusted variables, the influence of ethnicity on predictions was analyzed only from DXA studies and methods were compared after excluding Asian populations.
Covariable adjustments
Age. When given by range (e.g. 20-29 y) in the original publication, a uniform distribution was considered within this range. Otherwise, when age was given through mean and SD (e.g. 24.2 6 3.3 y), a normal distribution was considered from the parameter values.
Wgt and Hgt distributions. Wgt and Hgt in published Ds distributions were provided without information on correlations between them, although these variables are significantly correlated (34) . Further adjustments were then required to mimic a realistic (Hgt, Wgt) joint distribution. To do so, a surrogate was sought in an additional independent anthropometric database provided by the Health Examination Centre of SaintBrieuc, France (Saint-Brieuc database). Anthropometric data were collected in 2007-2008 from 23 ,411 healthy volunteers aged $20 y. Participants were weighed after fasting and in light clothes; standing Hgt was measured according to a standardized procedure ( Table 1) .
For each Ds, all STB participants of the same sex and age (n . 100 for each sex/age combination) were considered when calculating the mean and SD of Hgt and Wgt. A linear transformation was applied to these covariables to fit the mean and SD of Wgt and Hgt, as provided in this publication (see the procedure in the Supplemental Material). In so doing, the anthropometric characteristics of each Ds were preserved as was the relationship between Hgt and Wgt gathered from the STB database.
FFM prediction from population-based covariables
For each compared Ds, 300 individuals were stochastically generated from the published covariable distributions to mimic the characteristics of the published populations, irrespective of the original sample size, which varied from 27 to 4722 (242 6 850). It was not necessary to FIGURE 1 General structure of the BN. Arrow directions indicate direct dependencies between variables represented by ellipses. The STB database was used as a surrogate to determine the correlation between Hgt to Wgt conditional to age. For each subject being predicted, a predictive subset of candidates was selected from the NHANES database (Ds) according to BN adjustments. The median FFM value of the predictive subset is the predicted value. reproduce the size of the published populations, because our goal was to mimic their mean 6 SD. For each Ds, a failure rate was defined as the proportion of nonpredicted subjects. Ds with a failure rate . 10% were not included in the comparisons. Ds including Hispanic or multiethnic populations were also excluded ( Table 2) . Table 3 .
FFM prediction at the individual level
A distance was calculated between each subject to be predicted and all participants of the same gender in the NHANES database. The smaller the distance, the more similar were the covariable values. A threshold distance was defined to optimize the standard error of prediction [see (18) and Supplemental Material for more details]. The NHANES participants returning a distance below this threshold were retained in a predictive subset limited to the 50 closest candidates. The median FFM value of the predictive subset was taken as the prediction. When the predictive subset was of size 0 or 1, no prediction was made.
Numerical assessment of predictions
The quality of predicted distributions was globally assessed by the HD (35) , which scores the discrepancy between predicted and measured distributions, taking into account both means and SD (respectively, mean = m 1 or m 2 , SD = s 1 or s 2 ), calculated with the following equation:
For example, if 2 compared situations had very similar mean values but different SD, the HD would increase. The smaller the HD, the better the prediction is, but no threshold of significance can be calculated.
Statistical computations and analyses
Underlying calculations were processed using the Rebastaba software, written in R software version 2. 
Results
Age adjustments. For a given gender, age was the first adjusted BN covariable. When adjustment was based on a normal distribution of the published age, a close relationship was obtained between the mean published ages and their adjusted counterparts for a range varying from 20 to 80 (R 2 = 0.99; P , 0.001; n = 68).
Anthropometric adjustments. Mean published BMI values (when available) were plotted against their predicted counterparts (Fig. 2) . The correlation between them (R 2 = 0.99; P , 0.001; n = 70) highlighted the efficiency of the linear transformation in adjusting Hgt and Wgt from independent distributions. Mean BMI values ranged between 20 and 30, with a similar distribution for men and women.
Model limitations. Out of the 82 Ds initially considered, 15 were excluded for having a failure rate higher than 10% ( Table  2) . Among them, 8 (46% of initial Asian Ds) described Asian populations, 6 (13%) described white populations, and a single Ds (7%) corresponded to a black population. It is worth noting that combinations of age, Wgt and Hgt in Asian populations were more likely to return a predictive subset of size 0 or 1 than in other populations.
Accuracy of BN predictions. BN predictions were compared to FFM distributions assessed by DXA for 41 Ds describing Asian, black, and white populations. For each Ds, the similarity between both distributions was assessed by the HD (Tables 4 and 5) . Population-based fat-free mass predictions 1575
FFM predictions were more variable for females (HD range: 0.004-0.222) than for males (HD range: 0.016-0.137) and Asian women had the highest HD values. For both sexes, the quality of prediction was not related to the initial sample size or age ( Table 6 ). For men, no relationship was found between the HD and the adjusted BMI. In contrast, for women, a negative correlation was found, suggesting that better predictions were made for higher BMIs, with a tendency toward better predictions for heavier and taller individuals (the lower the HD is, the better is the quality of the model's fit). For white populations, the quality of the model's fit did not vary with the country of origin; similar fits were found with American (4, 13, 22, 24, 38) and European studies (25, 27, 28) .
Between-study comparisons. For each compared Ds, the FFM prediction was plotted against its published counterpart after adjusting for age, Wgt, and Hgt. A very good agreement was observed between studies for a large range of FFM values varying from 33.9 to 48.6 kg for women and 50.7 to 68.7 kg for men (Fig. 3) . Elderly white participants tended to have lower FFM values than younger participants, such as Ds gg and c7, which describe white elderly females. All Ds, except j1, which describes an Asian population, displayed the lowest FFM values for both males and females, and BN predictions were less adjusted for these populations. Among the highest FFM values, BN predictions tended to overestimate FFM distributions for Ds a3 to a5 (white participants) but tended to underestimate FFM for Ds j2, corresponding to a black population, for both male and female (66.2 vs. 68.7 kg and 46.8 vs. 48.6 kg, respectively). Underestimations were less pronounced for Ds j1 (Asian participants) and Ds j5 (white participants) from the Jackson et al. study (13) .
Quality of BN predictions according to the methods of body composition analysis. After adjusting BN covariables to their published counterparts (for black and White populations only), predictions were compared with FFM distributions obtained by various methods of body composition analysis: 4C model (20, 31) , densitometry (3,13), BIA (19, 21) , and DXA (3, 4, 19, 20, (22) (23) (24) (25) (26) (27) (28) (29) (30) (31) . For each method, FFM values were averaged, as were their predicted counterparts ( Table 7) . Differences between BN predictions and their experimental counterparts assessed by DXA were ,1%, with a slight overestimation for males (61.6 6 3.11 kg vs. 61.1 6 3.44 kg) and an underestimation for females (42.4 6 2.76 kg vs. 42.7 6 3.32 kg). Predictions underestimated FFM, as assessed by the 4-C method, for both sexes and overestimated FFM assessed by densitometry. The largest discrepancies with BN predictions were found when FFM distributions were assessed by BIA, with an overestimation for males (2.67%) and an underestimation for females (3.24%).
Discussion
The core equation used in the present study was a nonparametric model based on BN (18) . This model was validated against a database of French participants whose body composition was assessed by DXA. Covariables were then known for each individual to predict. The present work is a stochastic generalization of these former predictions. Bayesian models are usually developed to provide information from a global joint distribution over a set of variables, including variability and uncertainty sources (32, 33) . We assumed that BN could predict FFM after a stochastic generation of covariables. The main objective of the present study was to validate FFM predictions in different population contexts. FFM predictions were compared to published FFM distributions with covariables described by some crude characteristics (such as mean 6 SD) for a population. Direct outcomes were expected after a stochastic adjustment of the BN covariables. First, a selection of body composition studies dealing with various age distributions and anthropometric status enabled us to enlarge the domain of model validation. In addition, after adjusting for age and anthropometric status, FFM predictions provided interesting results from between-studies comparisons, and it became possible to assess variability induced by nonadjusted variables, such as ethnicity and methods for body composition analysis. Following network arrows, the age was first determined and then involved in the adjustment of the Hgt/Wgt relationships. Hgt and Wgt are significantly correlated in any human population (39) and the missing correlation was sought from a surrogate database. The excellent correlation between published BMI values and those calculated after Hgt/Wgt adjustments shows that BN is an efficient tool to describe anthropometric distributions.
With covariables stochastically adjusted, FFM predictions were calculated as previously described (18) . Accuracy and model robustness directly depended on the quality and quantity of available information in the NHANES database. Each combination of covariables (sex, age, Hgt, and Wgt) returned a variable number of individuals in the predictive subset. Failure rate was a simple indicator of the model robustness and high failure rates were more frequently encountered for extreme anthropometric values. For instance, the failure rate reached 32% after adjustment on Hsu's population (23) , where the Hgt of Asian men was 163.5 6 5.8 cm, whereas men's Hgt in the NHANES database were 174 6 7.9 cm.
BN predictions provide an original tool for study comparisons. Results from body composition analysis were usually not comparable, because they were issued from different populations. By adjusting BN covariables to published covariable distributions, it became possible to compare studies over a large range of FFM values. We have shown that most discrepancies between published FFM values originated from age, Hgt, and Wgt of the included population. A good agreement was found for FFM predicted for white populations, whatever the country of origin (4, 13, 22, 24, 25, 27, 28, 30) .
Quality of fit was similar for both sexes and for a large range of ages. In the presently compared Ds, the age varied from 21 to 77 y and was similar to the age range used for model validation (18) . For both sexes, lower FFM values were found with older white populations and confirmed the trend of FFM reduction with increasing age (40) .
The relationship between FFM distributions that were experimentally assessed and their predictive counterparts revealed a possible influence of the nonadjusted parameters, such as ethnicity. It was noteworthy that FFM predictions were obtained without considering ethnicity in the NHANES database. In a former development, ethnicity was included as a putative variable in the network, due to its possible impact on FFM (41,42). Population-based fat-free mass predictions 1577
However, body composition of the French population (mostly Caucasian) was better predicted when the NHANES database included all ethnic groups as opposed to only white non-Hispanic participants. As a result, ethnicity was not included in the final model (18) . The quality of BN predictions did not vary with the BMI for men but was improved for higher BMI in women, with a tendency toward better predictions for heavier and taller women. The lowest BMI associated with the lowest FFM distributions were described in Asian women. The highest failure rate and variability in BN predictions were found for these populations, suggesting a possible confounding effect between ethnicity and anthropometric values. If anthropometric differences could explain part of the variability, such results would also be confirmatory of a specific fat deposition in the Asian population (29, 43, 44 Among the nonadjusted parameters, FFM values depend on the method of assessment (46) and this could influence the quality of prediction. Accurate measurements of body composition can be obtained with a variety of methods, providing different levels of information on body compartments. Two compartments (FM and FFM) were assessed with densitometry and BIA (47-49), 3 with DXA (FM, FFM, and BMC), and 4 (water, proteins, minerals, and fat) with the 4-C model (50) . Each method has specific limitations and measurement errors (17, 46) , but DXA and the 4-C model are usually designated as gold standards for body composition analysis (51) . The 4-C model was obtained after coupling isotope dilution, DXA, and body volume and was intended to reduce FFM composition variability (52) . BN predictions were based on FFM values obtained by DXA measurements in NHANES; not surprisingly, the best quality of fit was observed when DXA studies were predicted. Compared to 4-C, slightly underestimated FFM predictions were found for both males and females. The largest discrepancies between experimental and predicted FFM distributions were found with 2-compartment methods. Interestingly, differences between predictions and densitometry assessments were similar to those observed when DXA and densitometry were compared on the same participants (53) .
The main objective of the present study was to investigate the capability of BN predictions to assess FFM from populationbased covariables. These results highlight the accuracy of BN predictions from population-based simple covariables. The results are promising and suggest that it is possible, within certain anthropometric limitations, to use BN predictions as a complementary body composition analysis for large populations. BMI is usually considered a good proxy of the percentage of FM, but the body Wgt is a combination of FM (known for its adverse health effects) and LM (known for its protective health effects). Including predicted FFM in a risk equation could improve the predictive capability of BMI. Such a hypothesis could be assessed in a cohort followed for a specific risk, such as cardiovascular events.
